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Abstract

We report evidence of observed extreme weather fluctuatio@entral Europe by satel-

lite gravimetry during the last five years. Heat waves, dhsigexcessive rain, snowfall,
and floodings occurred frequently during the study periatthSphenomena are primar-
ily associated with hydrological mass variations that aenifested in the changes of the
Earth’s gravity field, sensitive to the Ka-band satelliiestitellite ranging (KBR) measure-
ments onboard of the gravity field mission GRACE twin-sétsl 2002-2007. In our con-

tribution we perform a regional analysis of GRACE data overdpe based on spherical
wavelet/B-spline and global spherical harmonic solutidtssulting temporal gravity field

variations are expressed in terms of equivalent water masations which are subse-
guently compared and in balance with the net effect of pitipn and evaporation from

the atmospheric flux convergence reduced by runoff fronr geeige data for seven Central
European river basins.
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1 Introduction

Since March 2002 the satellite mission GRACE (Gravity Recgand Climate Ex-
periment) allows for the observation of spatial and temlpdranges of the Earth’s
gravity field (Tapley et al., 2004) which are associated it redistribution of
masses within and between individual components of thenEsgdtem. Due to its
near-polar and low orbit GRACE allows for an almost globalerage of grav-
ity field variations with an unprecedented spatial resolutrf about 400-500 km
(half-wavelength) and a temporal resolution of one montsharter.

On hourly to seasonal time-scales the largest mass fluohsaiti the Earth system
are caused by lunisolar tides and dynamic processes whikiratmosphere, the
oceans, the cryosphere and the continental hydrosphatediemass redistribu-
tions at high frequencies due to, for example, rapid tramgjeophysical processes
(e.g. from atmospheric pressure variations or oceaniail@tion) would cause
aliasing of the gravity estimates from GRACE if not treatedadingly. In par-
ticular, tides (solid Earth, ocean and pole tides) and maa-variations including
the response of the solid Earth and ocean to pressure andavaig as well as the
atmospheric aliasing effect are assumed known, and forwerdeled prior to the
inversion of the GRACE monthly gravity field solutions (Rigaer, 2003; Schmidt
et al., 2006). Consequently the largest part of the remgigravity field variation
signal over our study region in Central Europe reflects masstons within the
continental hydrosphere including snow and ice melt/aedations (apart from
measurement errors, deficiencies of the de-aliasing ptedua long-term vari-
ability of other components of the Earth system).

Observed gravity field changes are commonly expressednrstef equivalent wa-
ter height (EWH) variations. EHWs are an idealized repregemm of the causative
mass variations, i.e., a measure for the thickness of a Water that needs to be
added to (or removed from) the Earth’s surface if the totaleobed gravity field
fluctuations would be due to the change of water storage. Tdmpmean of the
accuracy of the EWH estimates from GRACE is about 1-2 cm (Soeret al.,
2003; Wahr et al., 2006). Several analyses of water storhgeges on global or
regional scales have been performed (e.g., Schmidt etG06§;2Swenson et al.,
2006). Most of the studies are based on results using GRAGErigal harmonic
solutions.

In this contribution we compare GRACE EWH estimates frorfedént approaches,
namely from two global spherical harmonic solutions andfi@ur regional multi-
resolution representation (MRR) based on spherical wies/bection 2). Our anal-
yses are performed for a contiguous area of seven CentrapEan river basins
(Fig. 1, left) coveringl.46 - 10 km?. GRACE observations of equivalent water
mass changes in this region are compared with water stosigeates from the
convergence of vertically integrated water vapor fluxesiced by river discharge



from gauge registrations (Section 3). The results are aedlyvith respective to
specific weather phenomena in Central Europe between 2aD2@0V (Section
4).

FIGURE 1 HERE

2 MassVariationsfrom GRACE Gravity Field Observations
2.1 Regional GRACE 4-D Wavelet Expansion

In our spatio-temporal (4-D) wavelet approach we model tifferéncedV (r, t)
(r = position vector,t = time) between the geopotenti&l(r,¢) and a time-
invariant reference modéf..;(r,¢) (here: GGMO1C) by the multi-resolution rep-

resentation (MRR)
I

SV (r,t) =" vy (r,t) (1)
(Schmidt et al., 2007, 2008). Herein e_ach 4-D detail signalis related to a spe-
cific spatial frequency banf,; and a specific temporal frequency baBig. Math-
ematically this statement can be expressed by the seriessxm

Vg, (P 8) =D diggia Vik(1) ¢,4(0) (2)
k l

wherein the (spatial) leveli spherical wavelets, () act as band-pass filters and
the (temporal) level J; scaling functionsp, ;(¢) as low-pass filters. In our inves-
tigations we apply spherical Blackman waveléts, (Schmidt et al., 2007) and
quadratic B-spline scaling functions;,; (Schmidt et al., 2008). The higher the
level values/; andi are chosen, the finer are the temporal resolution and thiakpat
structures of the gravity field that can be resolved. Due éddlcalization proper-
ties of wavelets the coefficients ;. s, ; are estimable from regional gravity obser-
vations by least-squares techniques considering regatan strategies (Schmidt
et al., 2007).

We processed the GRACE Level 1B data product via the enelignt@approach

to produce residual GRACE geopotential difference obsemsA V] »(t) = 6V (rq(t),t)—
IV (ry(t), t); r1(t) andry(t) are the trajectories of the two GRACE satellites. Ap-
plying appropriate background models and correcting GRACEelerometer bi-
ases and relative velocity and position vectors, we assinaeNV; , primarily
reflects hydrology variations (Han et al., 2006) in our stuelyion. The data are
available between September 2002 and July 2005, excepefoeber 2002, Jan-
uary and June 2003, parts of January 2004 (orbit manoeurndrdata gaps) and

the time span between August and November 2004 when GRAC&sakentered

a repeat orbit (Wagner et al., 2004). Following Farrell'edty (Farrell, 1972) the



geopotential results are transformed into equivalentweagghts; for more details
see Schmidt et al. (2008).

2.2 Monthly mass grids from GRACE spherical harmonic sohsi

Mass variations from global GRACE spherical harmonic sohd are derived from
the latest releases RL0O4 from two of the GRACE data procgssnters at GFZ
(GeoForschungsZentrum Potsdam) and CSR (Center for Sgseafih, U. Texas).
Chambers (2006) computed quasi-monthly glaak 1° grids of EWH variations
from the respective sets of spherical harmonic coefficilrgsel 2 data products).
The EWH grids are publicly available at http://grace.jpba.gov. At present (De-
cember 2007) the time spans between February 2003 and Nev&906 (GFZ)
and between August 2002 and December 2006 (CSR) are pro¥idath the fields
for June 2003 and January 2004 are missing in both data sets.

Large errors in the form of longitudal stripes are presertha current GRACE
gravity field variations from Level 2 data products. They prienarily due to the
satellite orbit characteristics and GRACE measuremeritdiions (KBR is along
the twin-satellite orbital tracks which are primarily ctapar), which result in in-
ability to separate spherical coefficients at all degreet @wlers, in particular
near orders of resonant geopotential coefficients. In exhdithere is high-frequent
aliasing of the geopotential coefficients when temporavitydield solutions are
computed. Therefore algorithms for smoothing and desigipire necessary when
the spherical harmonic coefficients are converted into EViiations. Details on
this procedure are given by Wahr et al. (1998) and Chamb@&@6{2 The EWH
grids used in our study of the water mass variations in CeRueope have been
smoothed with a Gaussian filter with a half-width of 400 km.ofd-term average
over 2003-2005 has been removed from the spherical harnsoeiticients. Note,
that the MRR approach does not require additional smootungigdestriping since
as mentioned before the scaling functions act as low-passsfil

Gridded EWHs from the MRR approach and the spherical harcrswlutions are
averaged over the area of the seven river basins and codvetteunits of knt
water, i.e., the total variation of equivalent water in tiedsed area with respect
to a long-term mean. In the case of the MRR this mean field isnasd to be the
gravity field GGM01C complete to spherical harmonic degr2@. 1

3 Atmospheric Moisture Budget and River Runoff

The integrated GRACE EWHs are compared with water storagatins com-
puted from independent atmospheric and hydrological detss $he balance of



inflow and outflow of water with respect to the examined afes derived from
the net effect of precipitation and evaporatigdh — F) 4(¢) from the convergence
of vertically integrated water vapor fluxes reduced by ridischargeR 4(t) from
gauge registrations. The water balance equation reads

ASA(t) = (P = E)a(t) — Ra(t), 3)
whereAS,(t) denotes the storage change in the area.

For each time step precipitation minus evaporation is caetpfrom the atmo-
spheric moisture budget:

P—E:—a—WJrVTQ (4)
ot

(Oki et al., 1995; Cullather et al., 1998), wher&inis precipitable water an@ is
the vertically integrated water vapor flux. The first term ba tight hand side is
negligible on monthly and annual timescales (Cullathel.e2800; Serreze et al.,
2002), the second term is calculated from six hour atmospheainalysis products
from the National Centers for Environmental Predictiortibiaal Center for At-
mospheric Research (NCEP/NCAR) (Kalnay et al., 1996) betw&002 and 2007

following equation
T
ptop dp ptop dp
/ pu—; / pv —] ; (5)
Psfe g Psfe g

Ptop
Q= / po ®_
Dsfe g
whereing is the (mean) gravitational acceleratigry, stands for the surface pres-
sure, andp,,, denotes the pressure at the highest atmospheric level. r@ctigal
computations extend tp,,, = 300 hPa since the specific humidigyis consid-
ered to be negligible above (i.e., no valuesjare provided by NCEP/NCAR for
pressure layers with < 300 hPa). The horizontal wind vecter= [v, u|” compre-
hends the two componentsaandu; the meridional componentis defined positive
northwards, the zonal components defined positive eastwards.

The net inflow of water into the areé follows from

(P—E)A:/(P—E)dA:/VTQdA (6)

Q'n dL. (7)

b‘\e\(k

In this equation the flux convergence is interpreted as fitegral of the vertically
integrated moisture transport along the boundary clireéthe area (dashed curve
in Fig. 1, right) according to Gauss’ Theorem;is the unit normal ta_.. The to-
tal discharge from the area is calculated from gauge datewvasstations (black
circles in Fig. 1, right) closest to the mouths of the rivergshe examined area.



We assume that the observations of those seven statioresegprthe net loss of
water from the entire area. Therefore no further upstreangemalong the rivers
are considered.

The gauge records were provided by the Global Runoff Datar€€GRDC). Time
series for the net inflow and outflow are shown in Fig. 2. Thésusfiboth(P — E) 4
and river discharge are derivatives with respect to time*(kmnth). Consequently
the values have to be subtracted from each other and ingelgrabrder to assess
the instantaneous amount of water with respect to the limtider contentsS, (¢o)

in the examined area for each time step:

t
Sa(t) = Sa(to) + t (P = E)a(r) — Ra(7) dr. (8)
0
Since the initial water content is unknown, the time serédkects residual varia-
tions of water mass in the area, i.e., the curve can be aibjitshifted along the
ordinate.

FIGURE 2 HERE

4 Reaults

The results of the equivalent water mass variations in @emturope from the
three GRACE solutions and the independent atmospheric gdlogical data
are displayed in Fig. 3 for the period between August 2002 Recember 2006.
The uncertainty of the GRACE EWHs is in the order of 1-2 cm @#ction 1).
According to the law of error propagation, the accuracy ef $torage variations
of total water is limited to approximately 15-30 Krfor the investigated area of
1.46 - 105 km?.

As stated before the monthly fields of GFZ and CSR for June 20@BJanuary
2004 are missing. Between August and November 2004 when ER#&S almost
in a repeat orbit GFZ and CSR provide constrained solutibhe.resulting signal
of the MRR is close to zero during this period and has beere@ditt of the data
set.

FIGURE 3 HERE

The water mass variatiors, (¢) from the atmospheric moisture budget and river
discharge agree remarkably well with the characteristitek@ GRACE solutions.
Correlation coefficients and root mean square (RMS) diffees between the var-
ious curves are provided in Table 1. Between October and rbleee 2002 and
between May and August 2003 the result of the MRR approachshetter agree-
ment with the independent data than the mass variations tfhenspherical har-



monic solutions. We believe that one reason for this pramgisésult is the regular-
ization strategy which we apply to the regional data sets S#midt et al. (2007).
On the other hand the spherical harmonic solutions agrderbgith the atmo-
spheric and hydrological data during the first half of 200&isTnight be explained
by increased scattering of the analyzed GRACE observatidns during this pe-
riod. Even though there is an almost perfect agreement dé#®and CSR curves
with S4(¢) during autumn 2003 and (especially in the case of GFZ) dwimgmer
and autumn 2005, the phases of the storage variations fresptierical harmonic
GRACE solutions and 4 (¢) are shifted during the rest of the time. The reason for
this time lag between the curves is so far unexplained. Mammgreement with
GFZ and CSR would be reachediifi () was shifted about -30 days. Then the cor-
relation coefficients would amount to 0.96 (GFZ) and 0.94K{; $espective RMS
differences would decrease to 27.2 and 28.8.km

TABLE 1 HERE

Large differences from year to year disallow an identifmabf a clear annual cycle
in the curves. Obviously the underlying water storage charage far from an an-
nual behaviour due to changing meteorological conditi®msne specific features
of the time series can be related to particular weathertgs(Fig. 3). In the sec-
ond half of 2002 Central Europe was affected by heavy rdinflaich led to a rise
of the Danube level up to 10 m above normal and caused devasiabding of the
Elbe from mid-August (Waple and Lawrimore, 2003). The waigjourned in the
respective basins for a few month before the discharge pe&ksvember (Fig. 2).
Especially the alpine region where most of the investigatess rise, experienced
precipitation well above average in October and Novemblee. §trong rainfall in
the Alps and the remaining floodwater resulted in anomalagis ¥alues of wa-
ter storage. The increase of water mass between SeptentbBreaember 2002 is
clearly visible in both the GRACE time series and the indeleeh computations.

In summer 2003 Central Europe suffered a severe heat waveh) wéused rivers to
drop to record low levels. Between June and August the medacgutemperature
was about 2.8C above normal while the total precipitation was below agerim
the studied region (Levinson and Waple, 2004). The regulirought is reflected
by the GRACE observations (Andersen et al., 2005): All tireees indicate a
loss of approximately 150 kiof equivalent water from May to September 2003.
Apart from a rather rainy summer season in some western #neagear 2004
featured normal weather patterns with average precipitéti most parts of Central
Europe (Levinson, 2005). Therefore 2004 can be seen as agf@wdnce to which
exceptional patterns in other years might be compared. iShi®rroborated by
analyses of5S4(t) in earlier years without significant extreme events (e.q619
2000) in which the water storage variations did not exce@@ &nd 100 k.

In the northern regions of the investigated area the yeab 2@frted with excess
precipitation and deep winterly conditions that lastedliarch. The period be-



tween July and August was characterized by ample rainfalAugust the pre-
cipitation exceeded the long term average by approxim&@0f6 in the Danube
basin which caused a severe flooding (Shein, 2006) (cf. righe increase of wa-
ter mass during those two months is especially evident irGRACE time series
from GFZ and in the curve from atmospheric and hydrologieahdBoth curves
conincide almost perfectly during this period. In Novembad December 2005
temperatures fell below average and by mid-November haawyfall affected the
western regions.

The winter season 2005/2006 was characterized by ampldalhaivich reached a
record level in Germany during February (Arguez, 2007). Bangnparts of Central
Europe precipitation was significantly above average duApril, which caused
- in combination with the melting snow - floodings at Elbe anohBu that even
exceeded the 2002 summer records. With the exception of #twghich was quite
wet, the period between June and September 2006 was anatyadoyiwith only
20-50% of normal rainfall in most areas. In Germany no morgis warmer than
July 2006 since the beginning of temperature registrations900. In contrast,
no August since 25 years was colder than August 2006. Thdseness left their
fingerprints in the time series (especially in the curves BZ@nd the atmospheric
and hydrological data) where the rapid decrease of wates ghasng summer is
interrupted by a step in August. However the total water nmafise basins during
August fromS4(¢) is significantly larger than observed by GRACE.

Expectedly, occasional discrepancies between the oligersand the atmospheric
and hydrological data are visible over the entire time s@amthe one hand, the
NCEP/NCAR and GRDC data sets are not free from errors, onttiex band mass
variations computed from GRACE observations cannot be etkeas perfect rep-
resentations of water storage changes either. The intalpliey of the results in
terms of water mass variations is limited due to significastr@pancies between
the results from different analysis strategies as well asrglin the observation
data and in the models and algorithms applied for de-aljgand filtering. Further-
more the GRACE observations are influenced by geophysioakgses apart from
continental hydrology whose effects are widely unknown baydarge-scale mass
variations in adjacent areas. But nevertheless GRACE isuabke contribution to
the study and quantification of hydrological mass variatiand snow accumula-
tions which is demonstrated by the overall good agreemenidas the time series
with respect to their shapes and amplitudes.
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Fig. 1. (left) The area investigated in this study is complasfehe seven largest river basins
in Central Europe. (right) The dashed line is the boundarthefarea, black circles show
locations of river gauges used for discharge information.
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Fig. 2. Net inflow from the atmospheric moisture budget @joind outflow from river
gauge data (dashed) for the area of the seven Central Eurdpenbasins.

Table 1

Correlation coefficients and RMS differences between thiewa time series of water stor-
age variation from GRACE solutions (MRR, GFZ, CSR) and frama@spheric reanalyses

and river gaugesyx (t)).

Correlation coefficient

RMS difference [km]

MRR - GFZ
MRR - CSR
GFZ-CSR
MRR - S(%)
GFZ-S4(t)
CSR-S4(t)

0.89
0.91
0.97
0.90
0.89
0.86

34.0
314
16.3
36.2
34.4
38.9
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Fig. 3. Mass variations in the investigated area in unitsnot kf equivalent water from the
4-D multi-resolution representation (solid bold) and twbusions based on global spherical

harmonics from GFZ (dashed gray) and CSR (dashed black)thiimdélack curve shows
the independent results from atmospheric and hydrologat.
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